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Abstract 
MODERN INVERTEBRATE FOOTPRINTS COMPARED WITH FOSSIL 
FOOTPRINTS FROM THE COCONINO SANDSTONE (PERMIAN) 
by Marilyn A. Emt_age 
Laboratory studies of trackways of the crayfish, Cambarus clarki i 
were conducted, and the footprints compared with fossil invertebrate 
footprints (Paleohelcura sp.) of the Permian Coconino sandstone of 
Northern Arizona, and sim i lar footprints of other sandstones . Fine 
grained sand (similar to that composing the Coconino sandstone) was 
placed in a plexiglass tank to form slopes of various angles. The cray-
fish walked up and down slopes of 10°± 3°, 20°± 2°, 25° and on level 
sand, and their trackways were photographed. Trackways were produced on 
wet sand and underwater sand, but the animals would not walk on dry sand. 
Clear individual impressions (footprints) were present in one hundred 
percent of the wet sand trackways and ninety percent of the underwater 
trackways. A variety of track patterns wa s produced with twenty perce nt 
of the underwater trackways resembling the fossil track patte~ns of 
Paleohelcura sp. Forty-five percent of al 1 the underwater trackways and 
eighty-eight percent of those made on low dipping slopes we re also very 
similar to Paleohelcura sp. in characteristic features of the individual 
impressions. These data indicate that trackways such as those named 
Paleohe lcura could ha ve been made in an underwater environment by some 
aquatic animal, such as a crustacean. 
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The study of tracks and trails of invertebrates is of interest to 
paleontologists and biologists because such study provides help in 
reconstructing past environments. Trackways of modern invertebrates 
have been studied and compared with fossil trackways to aid in identifying 
the types of animals that made the fossil trackways and the depositional 
environment in which the trackways were produced. One group of inverte-
brate trackways that has received attention from several workers is the 
assemblage of fossil trackways from the Permian Coconino sandstone of 
Northern Arizona. 
Gilmore (1926, 1927) described and named some of these fossil 
invertebrate trackways and assigned the ichnogeneric name of Paleohelcura 
to the most commonly found specimens. Later, Brady (1939) studied 
specimens of these trackways and compared them with trackways of small 
1 iving arthropods. In 1947 and 1961 further descriptive works by Brady 
suggested that these trackways were made by a scorpionid arthropod. 
McKee (1947) conducted experiments with living vertebrates and inverte-
brates in which he tried to reproduce the characteristics of the fossil 
trackways in order to determine the depositional environment of the 
Coconino sandstone. The most recent descriptive work on an invertebrate 
trackway from the Coconino sandstone was done by Alf (1968). The fossil 
invertebrate footprints of the Coconino sandstone have been assigned to 
either a scorpion, a spider, or some other desert dwelling creature such 
as a millipede, and the cross-bedded sandstone has been accepted as 
having been wind deposited. 
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Other workers who have studied the fossil footprints of other sand-
stones have described similar trackways and have identified some of these 
with Gilmore's Paleohelcura (Toepelman and Rodeck, 1936; Dorr, 1955). 
Faul and Roberts (1951) also describe invertebrate footprints from the 
Navajo? (sic) sandstone of Colorado, which they compare with Paleohelcura 
Gilmore, and consider to be "definitely arachnoid". 
Recent studies of the crossbedded Navajo sandstoae, (Datt and 
Batten, 1971; Freeman and Visher, 1975; Stanley et al . , 1971) in which 
an alternate working hypothesis for its deposition was proposed, 
awakened new interest in the Coconino sandstone and its tracks. Brand 
(1975) conducted field and laboratory studies on vertebrate trackways, in 
which experiments similar to those by McKee (1947) were performed. He, 
however, used a wider variety of experimental conditions than McKee. 
Laboratory studies were also done with scorpions and the results reported 
by Stagg (1975). 
In the present research, crayfish trackways were studied under 
various experimental conditions very similar to those used by Brand 
(1975) in his work with vertebrates. The trackways produced were 
examined for various features, in an attempt to identify the conditions · 
that will produce footprints most similar to the fossil invertebrate 
footprints of the Coconino sandstone and other similar sandstones. 
MATERIALS AND METHODS 
Invertebrate trac kways were studied in a plexiglass tank 183 cm. 
long, 45.7 cm. high and 30.5 cm. wide. In this tank, sa nd was placed 
so that there was a low level area from one end to about the middle of 
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the tank. A slope was formed from this point, ending in another level 
area at the top of the slope at the other end of the tank. The animals 
were placed in the tank and allowed to walk up and down the slope and on 
the level areas. Each of the 275 experimental trackways was given an 
identification number. The trackway was photographed, and notes were 
taken on the condition of the sand, the slope, the physical features of 
the individual tracks (single leg impressions; also called footprints) 
and the method of locomotion of the animal making the trackway. The 
slopes used were 0°, 10°± 3°, 20°± 2°, and 25°. The experimental con-
ditions under which trackways were made were on thoroughly wet sand 
(standing water at the base of the slope) and on underwater sand. A 
filter pump kept the water in circulation. Attempts were also made to 
obtain trackways on dry sand. 
The sand used for obtaining the trackways was a fine-grained sand 
collected near Mt. Carmel Junction in southern Utah. This sand was 
derived from the Navajo sandstone that forms the surface topography in 
that area. Grain size distribution was determined by Brand (1975) with 
a standard seive analysis. 
The crayfish, Cambarus clarki i was used in these laboratory studies. 
The animals varied in size from mature individuals of 8.5 to 9.0 cm. 
length and 16 to 18 grams weight to juveniles of 4.2 to 7.0 cm. length 
and 2.8 to 6.5 grams weight. Fourteen different crayfish, collected 
from a stream in Fairmont Park, Riverside, in Riverside County, Cali-
fornia were used during the study. 
Analysis of Trackways 
The trackways were analyzed using the following criteria: (1) 
Each trackway was examined to determine whether there were distinct 
individual impressions made by the distal segments (dactylopodite and/ 
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or propodite) of the walking legs of the animal; (2) If less than one-
third of the trackway showed visible clear impressions, it was rejected 
as not showing distinct individual impressions; (3) The impressions 
were examined to determine (a) whether ridges -- mounds of sand -- were 
formed on any side; (b) whether at different slopes the ridges were 
equally big in proportion to the impressions they surro~.nd; (c) the 
general shape of the impression; (d) the sharpness of their outline in 
the sand. The underwater uphil 1 trackways were analyzed in greatest 
detail. They were ranked on a continuous scale from most to lea~t 
distinct (with the number 1 given to the most distinct) and further 
analyzed with two statistical tests. The trackways produced under other 
conditions were examined and described in terms of the same criteria, 
but were not ranked and analyzed in detail as were the underwater uphill 
trackways. 
For further analysis of the underwater uphill trackways, a sample of 
photographs was randomly selected using a random numbers table, and ranked 
by four different persons including the experimenter. An equal number of 
photographs of trackways from each slope was selected. The pictures 
were numbered on the back and kept face down throughout the numbering 
and selection. The sample was presented in the same random order to all 
the judges that did the ranking. When al 1 had ranked the trackways once, 
a new random order of the photographs was established and each person 
ranked the trackways a second time on a different day. 
The persons employed as judges includ ed (in addition to myself) a 
college professor with some interest in footprint studies but no . 
experience in the subject and two graduate students -- one with little 
interest but some experience in footprint research, the other with no 
interest or experience in the subject. Each person received the same 
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set of instructions, both spoken and written, only once. Spoken instruc-
tions were largely explanations of some terms used in the written 
instructions and were given while the judges examined a display sample of 
the photographs. The results of the series of ranking were tested with 
Spearman rank correlation coefficient, to establish whether similar 
results could be consistently reproduced. 
The underwater uphill trackways were separated according to the size 
and weight ranges of the animals, with trackways of very small juveniles 
of an average weight of 3.25 grams in one group, and those of medium 
sized to mature animals with an average weight of 12 grams in another 
group. The entire population of each group was then ranked separately 
by the experimenter. The results of each group was tested for differ-
ences caused by the different slopes with the Kruskal-Wal 1 is one-way 
analysis of variance test. 
To determine which slopes were significantly different from others, 
the trackways from two slopes to be compared were ranked together and 
the rank differences between the trackways on these slopes analyzed 
with the Mann-Whitney test (Conover, 1971). Slopes compared were 0° vs 
10° and 10° vs 20° from the juvenile trackways, and 10° vs 20° and 20° 
vs 25° from the trackways of larger animals. All the trackways were 
then grouped according to slope (all four slopes used) and ranked again. 
These results were tested for any significant differences in the effect 
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of animal size with the Mann-Whitney test. 
The fossil trackways with which the experimental trackways were 
compared were studied mainly from published photographs and descriptions 
(Gilmore, 1926, 1927; Toepelman and Rodeck, 1936; Brady; 1939, 1947, 
1961; Faul and Roberts, 1951; Dorr, 1955; Alf, 1968). Two invertebrate 
fossil trackways were examined directly at the Alf Museum in Claremont, 
California. Photographs taken in the field or from specimens in other 
museums (the U.S. Nat. Mus. and the Peabody Mus.) as well as casts taken 
from some of these provided other sources of foss i 1 invertebrate track-
ways for study. 
RESULTS 
The Utah sand that was used for the experiments was composed of 
rounded grains with the following grain size distribution: silt, 2%; 
very fine sand, 29%; fine sand, 51 %; medium sand, 18%; coarse sand, 
0.07%. On all slopes used, trackways were made in both uphil 1 and down-
hill directions. One-hundred percent of the wet sand trackways showed 
distinct individual impressions of the distal portion(s) of the walking 
legs while ninety percent of the underwater trackways had distinct 
individual impressions (Table 1 .) . No trackways were obtained on dry 
· sand. 
Wet Sand Trackways 
In all of the wet sand trackways (Fig. 1 .) the same features were 
evident. The degree of slope made no apparent differences in the 
general characteristics of these trackways . Direction -- whether the 
animal was headed uphill or downhill -- made no observable difference 
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either. Characteristically, in the soft portion of the slope (the portion 
dipping into and saturated with water) impressions were clear deep marks 
showing a drag (an elongation) in the direction of progression. As 
firmer sand was reached, the impressions became smaller and some appeared 
as fine marks in groups of two,these having been made by the propodite 
and the dactylopodite of the second and third pairs of walking legs of 
the animal. Only in the very soft wet portion of the slope did im-
pressions have ridges around them. The sand was pushed up around most of 
the circumference of the individual impression , with a tapering off 
towards the front. In firmer but still fairly loose sand, little mounds 
of sand grains were thrown up around the impressions, but on the highest 
part of the slope, where the sand was quite firm, no evidence of ridges 
was seen. 
Underwater Trackways 
In both uphill and downhill directions trackways with distinct 
individual impressions were made at all slope angles used (Fig. 2.). 
Downhill impressions were generally more elongated than uphill impressions. 
Ridges were formed around individual impressions on all slopes in the 
downhill trackways, with some variation in their size on different slopes. 
The characteristics of the uphill tracks varied according to the slope 
on which the trackways were made. The size of the animal also affected 
the characteristics of the tracks made on certain slopes. 
Level Sand Trackways - All trackways made at 0° slope (Fig. 2 A, 
B, C) showed individual impressions of the walking legs. Impressions 
were rounded to oval-shaped but were not equally clear in all of the 
trackways. Most showed a slight drag in the direction of movement (Fig. 
legs. There were no obvious dtfferences in the characteristics of the 
tracks made by animals of different sizes . 
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In the trackways made on 25° slopes (Fig. 2, G; Fig. 3, E) separate 
leg impressions were the most poorly defined. Distinct individual 
impressions were present in seventy-seven percent of these trackways, 
but they appeared more shallow than those made on either the low dipping 
slopes or the Z0° slope. Ridges were formed around the individual marks 
but these ridges were less prominent than at the Z0° slope. Features of 
these tracks were the same with animals of all sizes. 
Downhill Trackways. At all slopes used, trackways with distinct 
individual leg impressions were made in the sand as the animals walked 
downhill (Fig. 4, A to C). Downhill tracks generally consisted of 
elongated individual marks with some sand pushed down to the anterior 
border. 
On the low dipping slopes; individual leg marks were clear, deep, 
elongated depressions in the sand. In a few cases a st ight down-pushing 
of sand '(a small ridge) was seen, but in most cases no distinguishable 
ridge was formed on any side of the track. With the smallest animals 
the downhill tracks were not very different from the uphill tracks (Fig . 
4, A). On the steeper slopes, impressions were more elongated and 
appeared as narrow slashes in the sand on the steepest slope {Fig. 4, C). 
On 20° slopes individual leg impressions could be seen in all of the 
trackways {Fig. 4, B) but on the Z5° slope only seventy percent of the 
trackways showed distinct leg impressions. Slumping of sand caused a 
running together of leg marks so that in several cases the trackways 
consisted of irregular waves in the sand {Fig. 4, D). 
Pattern of Tracks. In the underwater trackways on all slopes 
including 0°, a variety of trackway patterns was produced, Even under 
uniform conditions, the same animal walking at different times made 
different patterns (Fig. 3; Fig. 5). The method of locomotion affected 
the pattern produced by the walking legs . Regular patterns were of 
several types as follows (letters correspond with letters on Fig. 5): 
A) two rows of footprints in groups of three or four, with irregular 
patterns within the groups. 
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B) two rows of footprints in groups of three, with various patterns 
within the groups and a drag on either the left or right side of the 
foot pr i n ts . 
C) two rows of footprints in irregular groups of three (sometimes four) 
often forming a 1 ine at angles of 55 to 60 degrees from the midl ine. 
D) two rows of footprints in groups of three in a straight 1 ine or a 
cluster with a drag on one side of the trackway which in some in-
stances obliterated some of the indivi dual footprints. 
E) two rows of footprints in groups of three forming a 1 ine alternately 
radiating to the left and right sides at an angle from the midi ine, 
and having a drag in both sides . 
F) two rows of footprints in groups of three in a straight 1 ine or 
cluster with central markings made by the pleopods between the 
footprints. 
G) two rows of footprints in clusters of three with central markings 
of the pleopods. 
H) two rows of footprints in groups of three or four alternately 
radiating out at an angle from the midl ine. 
A variety of irregular patterns was also produced. Some of these 
had a contfnuous drag to one stde of the footprints, others were just 
rows of footprints without any drag, while yet others showed an inter-
mittent drag toward the center of the trackway (Fig. 3). 
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In comparing the regular patterns produced in the crayfish track-
ways with those of Paleohelcura sp., (Fig. 6) in several cases there was 
a striking similarity between the two sets of trackways (Table 2). 
Analysis of Trackways 
The correlation test for reproducibility gave very strong positive 
results (Table 3). There was a high degree of consistency within judges 
as well as remarkable agreement between the various judges. 
All underwater trackways made at low dipping slopes consistently 
ranked highest in distinctness of the individual leg impressions (Table 
4; Appendix 8). Level sand tracks were less distinct and the least 
distinct were those made on the 25° slopes. With small animals the 
tracks produced at low angles were significantly more distinct than those 
made at 0° slope (Mann-Whitney test; T = 154; p = .01; Appendix 83). 
There was also a significant difference between the low angle tracks and 
those at 20° (Mann-Whitney test; T = 1; p = .002; Appendix 84). The 
mean ranks of the trackways on 20° slopes and those on 25° slopes were 
very close. With the larger animals the tracks made on the low dipping 
slopes were significantly more distinct than those on the 20° slope (Mann-
Whitney test; T = 29; p = .01; Appendix 85). Tracks on the 20° slope 
were also significantly more distinct than those made on 25° slopes (Mann-
Whitney test; T = 107; p = .01; Appendix 86). Only on low dipping slopes 
did animal size significantly affect the distinctness of the individual 
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leg impressions (Mann-Whitney test; T = 29; p = .01; Appendix B7 to BlO). 
The characteristics of the underwater tracks, in many cases, compared 
favorably with the fess i 1 invertebrate footprints -- the sever a 1 species 
of Paleohelcura. In both the uphill and downhill trackways the foot-
prints left on the low dipping slopes most closely resembled Paleohelcura, 
with the majority of them consisting of clear rounded or oval impressions 
in the sand. Table 5 summarizes the results of this comparison. 
Dry Sand 
All attempts to obtain tracks on dry sand failed. The animals, in 
every case, threw up their chel ipeds and remained motionless on the dry 
sand. Prodding only caused them to rotate on the tucked-under end of 
their abdomen. 
DISCUSSION AND CONCLUSION 
Although distinct impressions were obtained in al 1 of the trac kways 
made on wet sand, they were not analyzed in detail because they lacked 
most of the features present in the fossil trackways with which they 
were to be compared. A major difference was that the fossil trackways 
have the same features throughout the length of the trackway, while the 
features of the wet sand tracks changed on different parts of the slope. 
Footprints on no part of the slope resembled the fossil footprints. 
Most of the fossil footprints of the Coconino sandstone are directed 
uphill. Some authors have explained this by saying that downhill foot-
prints are obliterated by slumping sand and so are not preserved (McKee, 
1944). It is not clear from the 1 iterature whether this uphill orienta-
tion is true for the invertebrate trackways as well as the vertebrate 
trackways. However, McKee (1947) reports having obtained both uphill 
and downhill trackways from invertebrates. Downhill runs were included 
in this present study for comparison with the uphill trackways. The 
results show that direction does not make an appreciable difference in 
the ability of these animals to produce distinct footprints. Many of 
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the downhill trackways made on low dipping slopes were similar to 
Toepelman and Rodeck's (1936) · Paleohelcura lyonensis in general character-
istics, with individual footprints more elongated than in the uphill 
trackways. These authors are inclined to believe that the trackway they 
described ' 'might possibly be the trail of a crustacean or an arachnid-
1 i ke form". 
That there was such agreement in the ranking of the laboratory cray-
fish trackways between judges of different interests and experience 
attests to the reliability of the procedures followed during this study, 
for analyzing the trackways. These results help to reduce subjectivity, 
and control for possible bias of a single worker. 
Cont rad i ct6ry statements concerning the foss i 1 invertebrate track-
ways of the Coconino sandstone have been made by different workers. 
McKee (1947) states that the fossil invertebrate trackways are "cpnfined 
to beds dipping at low angles". Brand (personal communication) who has 
conducted field studies on the Coconino trackways, states that some 
fossi l invertebrate tracks are to be found on steeper slopes along with 
vertebrate trackways. He also observes (and photographs taken in the 
field and of specimens in museums support this) that the best specimens 
have been removed to various museums, while others remain in the field 
that are not as perfect. The results of my study, with the observation 
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from Brand, suggests a possible explanation for the contradiction 
between the reports. All the immaculately preserved invertebrate track-
ways that were originally found, described and named may have occurred 
only on the low dipping slopes. At the steeper slopes the poor quality 
of the trackways could have obscured them from the field worker. In an 
analogous way my laboratory results show that while trackways are made on 
the steepest slopes very few closely resemble those on the low dipprng 
slopes. A careful restudy of the Coconino invertebrate trackways is 
warranted. 
A variety of patterns was produced in the crayfish trackways. In 
this respect the crayfish trackways are similar to the fossil inverte-
brate trackways (Figs. 5 and 6). Patterns in the crayfish trackways are 
directly related to the speed at which the animal moved and how the body 
was held. The following is a description of crayfish locomotion by 
Fretter and Graham (1976): 
11 As the crayfish walks half the legs usually support 
the body at any one time -- lst and 3rd on one side 
and 2nd and 4th on the other -- whilst the others 
are stepping. The progress may be slow and show 
considerable plasticity, or rapid and with a more 
fixed rhythm.'' 
That so few of the total number of tracks obtained in this series of 
experiments show a regular or fixed pattern can be explained in the 
1 ight of the above statement. Generally, the animals were very reluctant 
to move. Prodding and inductions to move by suspending food in the 
water caused them to move rather slowly most of the time. Especially 
when there was food present, the pattern of movement would be very 
irregular. Many times the animals were observed to move one or more 
legs back and forth as though 11 feel ing out 11 the substratum. Fixed 
rhythms in walking were obtained when the animal was removed from an 
established 11 home 11 in the tank and it hurried back there. (To accomp-
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1 ish this the animals were left overnight in the tank with potential 
11 homes 11 at the top of the slope. They would explore the entire tank and 
settle under the stone-homes.) This observation could itself provide a 
clue towards a viable explanation for some features of the orientation 
and nature of the fossil trackways of the Coconino sandstone. Most of 
the fossil invertebrate trackwa·ys that have been described show foot-
prints in regular patterns suggesting that the trackways may have been 
made by quickly moving creatures. 
Stagg (1975) conducted laboratory studies in which scorpion track-
ways were compared with Paleohelcura tridactyla from the Coconino sand- . 
stone. His results showed that in dry sand a few scorpion trackways had 
a similar arrangement of footprints to the patterns seen in Paleohelcura. 
In none of them, however, were the characteristic features of the indi-
vidual footprints similar to those of Paleohelcura. His wet sand tracks 
compared more favorably with the fossil tracks. The results of this 
present study show that as many as 45% of the underwater tracks possess 
the characteristic features of the fossil invertebrate tracks, while 88% 
of those made on low dipping slopes have these characteristic features. 
Neither the wet sand scorpion tracks nor the underwater crayfish tracks 
were as distinct as the fossil invertebrate tracks, but the underwater 
tracks provide the best analogue for the fossil tracks. 
An account of crustacea decapod traces preserved in the sediment by 
Schafer (1972) suggests a possible reason why none of the laboratory 
conditions produced tracks as good as the fossil tracks. He states that 
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bottom walking marine crustaceans, in leaving traces in a sediment, may 
leave them more as internal traces than surface traces. As the dactylus 
is removed, loose sand flows in and the surface trace may be obliterated 
with succeeding layers of sediment; the impression is, however, preserved 
as an internal trace (Fig. 7). In my experiments, it was observed that 
on steeper slopes and with heavier animals, much deeper impressions 
were made than were evident. The legs would sink deeply into the loose 
sand and as they were removed grains of sand would roll in and partially 
fill the holes leaving a loose pit of sand. It is conceivable that in a 
rapid deposition of loose sand, immediately after a track was made, the 
two loose layers could adhere to each other and become cemented as one. 
At a later time when the layers are split apart a much deeper, cleaner 
impression might be seen in the lower layer than was at first evident. 
Even without the mechanism suggested by Schafer, the data obtained 
in this study indicate that footprints very similar to the fossil foot-
prints named Paleohelcura can be made in an underwater environment. 
These fossil invertebrate footprints could have been made underwater by 
some aquatic organism, most 1 ikely a crustacean. 
Stanley et al. (1971) propose that the Navajo sandstone, which 1 ike 
the Coconino sandstone had been considered to be an aeolian deposit, may 
have been partially water deposited. This alternate hypothesis, along 
with the results of the present research and other studies (Brand, 1975; 
Stagg, 1975) raise the possibility that the Coconino sandstone could also 
have been wai:er deposited. Further research is needed to evaJu.ate this 
possibility. 
Table 1. Relative number of trackways with distinct individual impressions. 
WET SAND TRACKWAYS UNDERWATER TRACKWAYS 
Slope and Direction Total No. with distinct % Total No. with distinct % 
Number lndiv. Impressions Number lndiv. Impressions 
Level Sand 21 21 100 30 30 100 
10°± 3° uphill 16 16 100 26 26 100 
20° uphill 14 14 100 32 28 87.5 
25° uphi 11 20 20 100 26 20 77 
10°± 3° downhill 16 16 100 12 12 100 
20° downhill 10 10 100 11 l 1 100 
25° downhill 10 10 100 20 14 70 
TOTAL 107 107 100 157 141 90 
'-.I 
Table 2 , Number of underwater trackways with patterns simi l ar to 
Paleohelcura sp. 
Slope and Direction 
Level 
10°± 3° uphill 
20° uph i 11 
25° uphill 














No. with Patterns 


















Table 4. Mean ranks of underwater uphill trackways made on different 
slopes. Lower ranks indicate more distinct impressions 
SLOPE MEAN RANK 
Sma 11 Crayfish;': Large C rayf i sh>'d: 
oo Z l. 5 18.Z 
10°± 3° 8.86 17.72 
Z0° 32.3 43.74 
Z5° 33.3 57.7 
* Juveniles; av. wt. 3.Z5 grams. 
** Medium to large sized; av. wt. 12 grams. 
Table 5. Number of underwater trackways with clear footprints similar 
to Paleohelcura. 
Slope and Direction Total No. s imi 1 ar % Number to Paleohelcura 
Level 30 17 56.6 
10°± 3° uphill Z6 Z3 88 
20° uphill 3Z 16 50 
25° uphill Z6 5 19.Z 
10°± 3° downhill l Z 7 63.6 
Z0° downhill 11 z 18.Z 
Z5° downh i 11 20 5.0 
TOTAL 157 71 45.2 
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Fig. 1 Crayfish Wet Sand Trackways 
Labels i.ndicate direction. The length of the UPHILL label is 6.3 cm and 
the DOWNHlLL is 6.85 cm. 
A. 10° uphill, showing variation in footprints as the animal walked 
away from the soft sand to firmer sand higher up hil 1. 
B. 20° uph i 11, showing up pushed rubble around some of the footprints. 
c. 25° uphill, footprints s imi 1 ar to those made on low dipping slopes. 
D. 10° downh i 11. 
E. 20° downhill. 
F. 25° downhill. 
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Fig. 2 Crayfish Underwater Trackways 
A. On level sand, showing a drag in individual footprints (arrows indicate 
direction of movement) . 
B. On level sand, impressions are clear oval shaped, without any drag. 
C. On level sand -- several 1 ines of fine, two-pointed footprints. 
D. 10° uphill, clear imprints made by small animal. 
E. 10° uphill, footprints of a large animal. 
F. 20° uphill i clusters of footprints with ridges at back of each. This 
trackway also shows center marks made by the pleopods. 
G. 25° uphill. Typically, impressions appear less distinct, with smaller 
ridges than at the previous slope. 
25 
Fig. 3 Irregular Patterns in Crayfish Trackways 
A. At 10° slope uphill. This was made as the animal walked sideways 
uphill, the drag to the left made by the uropod. 
B. At 10° slope. The animal slowly walked backwards up the slope. Track 
shows two points of the tips of the walking legs, with a central drag. 
C. At 20° slope . Track made as animal slowly crawled uphil 1, holding its 
uropvd down to the ground on the left. 
D. At 20° slope. Animal walked sideways across the slope, holding its 
body well off the ground. 
E. At 25° slope. Animal walked across the slope. 
F. On level sand. Animal walked back and forth, in a zig-zag manner. 
Fine, two-pointed leg marks are present . 
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Fig. 4 Crayfish Underwater Downhill Trackways 
A. At 10° slope, a downhill track compared with an uphill track made by 
the same animal. 
8. 20° downhill. Track shows ridges in front of some footprints. Arrow 
indicates direction of movement. 
C. 25° downhill. Typical elongated footprints. 




Fig. 5 Several types of regular patterns in crayfish trackways. (Described 
in text.) 
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Fig. 6 Patterns Seen in Fossil Invertebrate Trackways 
A. Variations in the track of Paleohelcura tridactyla Gilmore from 
Brady 1947. 
B. Diagram of tracks of Paleohelcura dunbari Brady 1961. Direction of 
movement is upward in both A and B. 
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Fig. 7 Schematic drawing of cross-section through bedded sediment marked 
by the incisions of dactyl i of walking crustaceans. (Adapted from 
Schafer, 1972) 
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APPENDIX A 
This appendix contains t he wr i tten instructions that were given to the 
judges who ranked the trackways. Instructions appear exactly as the 
judges received them. 
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Instructions for Analyzing Crayfish Tracks 
Rank the trackways, according to clarity of individual leg marks, 
from most distinct to least distinct. 
Features to 1 ook for are: i) the presence of ridges (mounds of 
sand) on any side of the track, ii) among several tracks, whether 
38 
ridges are equally big in proportion to the impressiDns they surround, 
iii) whether the impressions are clean/ciear cut in the sand or whether 
they present a fuzzy appearance. 
A Suggestion for Making Your Work Easier 
In ranking the tracks, first start with three groups. Divide them 
as follows: i) definitely clear tracks, ii) definitely poor and iii) 
a middle group intermediate between i) and ii). Then, going on from 
there, you can make more and more smaller groups, until the trackways 
are all ranked in a continuum. 
APPEND IX B 
The statistical analyses used in this research are included in this 
appendix. 
Tests are reproduced in the order in which they were referred to in the 
main text. 
1) The first two sets of data (Bl and 82) record the ranks of the 
underwater uphill trackways made on various slopes and the results 
when tested with the Kruskal-Wal 1 is one-way analysis of variance 
test. 
2) The next four sets of data (83 to B6) show comparisons between 
trackways on various slopes and the results when tested with the 
Mann-Whitney test. The slopes compared are, for the juvenile animals, 
0° vs. 10° and 10° vs. 20°. With the large animals, trackways com-
pared were 10° vs. 20° and 20° vs. 25°. 
3) The last four sets of data (B7 to 810) show the ranks of the track-
ways on the four slopes used - 0°, 10°, 20° and 25° - tested for 
size effects with the Mann-Whitney Test. 
J =juveniles, av. wt. 3.25 grams 
M-L =medium sized to mature, av. wt. 12 grams. 
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81. Juvenile Trackways 
oo 10° 20° 25° 
12 19 20 
15 2 27 29 
17 3 32 31 
18 4 33 39 
21 5 34 40 
22 6 35 41 
23 7 36 
25 8 37 







E Ranks 237 133 291 200 
x 21 . 5 8.86 32.3 33.3 
Test stat i stic: H = 12 [ rnf ] - 3 ( N+ 1 ) N (N+ 1) n . 
I 
Calculated H = 29.83 
p<.001 
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83. For Juveniles Ranks on 0° vs. 10° Slope 

















n n ( n+ l ) 
Test Statistic : T =l:R(X·) -
i=l I 2 
Calculated T = 154 
p = ·.Ol; rejection region T< 34 
>131 
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84. Juveniles Ran ks on 1 0 ° vs. Z0° Slope 
10°(n) Z0° (m) 
1 5 
z 1 7 
3 1 8 
4 19 
5 zo 










E 1 Z l 
T 
n 
R (Xi) n(n+l) Test Statistic: = E -
i Z 1 z 
Calculated T = 1 
p <. ooz; rejection region T < 1 8 
> 11 7 
85. Large Animals Ranks on 10° vs. 20° Slope 


























Test Statistic: T = 2: R(Xi) - n(n+l) 
i=l -2-
Calculated T = 29 
p = .Ol; rejection region T < 56.5 
> 196. 5 
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Test Stat is tic : T = E R (X.) n ( n+ 1) 
i=l I -2-
Calculated T = 107 
p = .01; rejection region T < 124 
> 335 .8 
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Test Statistic: T = L: R (X.) - n (n+ 1) 
i=l I -2-
Calculated T = 103 
p = .01; rejection region T < 46 
> 163 
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B8. Trackways on 10° Slope 
















LR 149 202 
x = 9,93 x = 18.36 
n 
Test Statistic: T = l: R (X.) - n ( n+ 1 ) 
i=l I -2-
Calculated T = 29 
p = .01; rejection region T < 34 
>131 
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Test Statistic: T = l: R (X.) - n ( n+ 1 ) 
i=l I -2-
Calculated T = 95 
p = .01; rejection region T < 42 
> 165 
«t:RNIER RADCLIFFE MtMORIA\, \,_lf!~l\t. 
LOMA LINDA UNIVffil'!lff. 
I.OMA LINDA, CALIFORNIA 
BlO, Trackways on 25° Slope 























Test Statistic: T = 2: R(X.) - n ( n+ 1 ) 
i=l I -2-
Calculated T = 31 
p = . 01 ; reject ion region T < 19 
> 101 
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